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Abstract
We present a combined 3-D geoelectric and seismic tomography study conducted on the large
Åknes rockslide in western Norway. Movements on the slope are strongly inﬂuenced by water
inﬁltration, such that the hydrogeological regime is considered as a critical factor aﬀecting
the slope stability. The aim of our combined geophysical study was to identify and visualize
the main shallow tension fractures and to determine their eﬀect on hydraulic processes by
comparing the geophysical results with information from borehole logging and tracer tests.
To resolve the complex subsurface conditions of the highly fractured rock mass, a three-
dimensional set-up was chosen for our seismic survey. To map the water distribution within
the rock mass, a pattern of nine intersecting 2-D geoelectric proﬁles covered the complete
unstable slope. Six of them that crossed the seismic survey area were considered as a single
data set in a 3-D inversion. For both methods, smoothing-constraint inversion algorithms
were used, and the forward calculations and parameterizations were based on unstructured
triangular meshes. A pair of parallel shallow low-velocity anomalies (<1400 m/s) observed
in the ﬁnal seismic tomogram was immediately underlain by two anomalies with resistivities
< 13 kΩm in the resistivity tomogram. In combination with borehole logging results, the
low-velocity and resistivity anomalies could be associated with the drained and water-ﬁlled
part of the tension fractures, respectively. There were indications from impeller ﬂowmeter
measurements and tracer tests that such tension fractures intersected several other water-
ﬁlled fractures and were responsible for distinct changes of the main groundwater ﬂow paths.
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1. Introduction1
Rockslides are highly complex features and many factors such as fracture and fault dis-2
tribution, ground water conditions, foliation and characteristics of sliding plane(s) can aﬀect3
slope stabilities and movements. Data from aerial and remote-sensing techniques, geomor-4
phological and geological mapping, geotechnical investigations and borehole logging can5
provide detailed information about most of the parameters aﬀecting slope stabilities. How-6
ever, all such information is gathered at or close to the surface or within boreholes. Because7
geophysical measurements allow both spatial and temporal variations of physical parameters8
in the subsurface to be studied in a non-invasive form, they can provide the missing infor-9
mation. Unfortunately, physical parameters obtained from geophysics are rarely linked in a10
simple manner to the required geological and mechanical properties on rockslides (Jongmans11
and Garambois, 2007). Several geophysical methods are, therefore, usually employed at the12
same location and linked with all other available data to reduce the number of potential13
geological models (see overview papers about geophysical investigations on unstable slopes14
by McCann and Foster (1990); Hack (2000); Jongmans and Garambois (2007)).15
Two of the most commonly applied methods on rockslides are electrical resistivity tomog-16
raphy (e.g. Batayneh and Al-Diabat, 2002; Lebourg et al., 2005; Godio et al., 2006; Supper17
et al., 2007) and seismic P-wave refraction tomography (e.g. Jongmans et al., 2000; Havenith18
et al., 2002; Méric et al., 2005; Godio et al., 2006; Heincke et al., 2006). Electrical resistivity19
tomography can provide information about weathering and fracturing. Depending on wa-20
ter saturation conditions (Jongmans and Garambois, 2007), fracturing can lead both to an21
increase (Méric et al., 2005) or a decrease (Lebourg et al., 2005) in the resistivity relative22
to the undisturbed rock mass. In some studies, resistivity measurements allow individual23
water aquifers (e.g. Lebourg et al., 2005) or even the main rupture surfaces (Batayneh and24
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Al-Diabat, 2002; Lebourg et al., 2005) to be determined, particularly if the lower part of25
the sliding mass has increased moisture content relative to the stable rock mass. Seismic26
refraction tomography usually provides information about the extent of slope instabilities,27
because P-wave velocity (vp) is signiﬁcantly decreased in fractured and weathered rock rel-28
ative to intact rock (Jongmans et al., 2000; Méric et al., 2005; Jongmans and Garambois,29
2007). Values as low as vp < 1500 m/s have been determined from tomographic studies on30
rockslides in unsaturated conditions (Heincke et al., 2006). Strong velocity variations are31
often observed not only in vertical but also lateral directions (Méric et al., 2005; Heincke32
et al., 2006), suggesting alternation of nearly vertical fracture zones and intact rock. In-33
dividual fractures are generally not resolvable by this method, but principal directions of34
steeply-dipping fracture zones can usually be detected (Heincke et al., 2006). P-wave ve-35
locity models obtained from seismic tomography can also be used to improve results from36
reﬂection seismic and micro-seismic studies (Spillmann et al., 2007) on rockslides.37
Limited accessibility and the large extent of many rockslides make 3-D surveys expensive38
and laborious such that usually only individual proﬁles or patterns of a few crossing 2-D39
proﬁles are collected. However, 2-D investigations are inherently limited to resolve simple40
two-dimensional subsurface conditions, which are not typical for highly disrupted rockslide41
bodies. Heincke et al. (2006) observed that the shallow fracture distribution on a complex42
rockslide in Switzerland could not be reconstructed from tomograms of intersecting seismic43
proﬁles, but it could be from a tomogram derived from a "true" three-dimensional seismic44
experiment at the same location. Results from geoelectric tomography are to a larger extent45
sensitive to variations away from the 2-D proﬁles and under favorable circumstances a 3-D46
inversion of a dense pattern of geoelectric proﬁles may provide reliable subsurface information47
about complex structures (Gharibi and Bentley, 2005).48
We present here an integrated tomographic study of 3-D seismic refraction and electrical49
restivity data collected across the upper part of the large Åknes rockslide in western Norway.50
Because pore pressure variations and water distribution are important factors inﬂuencing the51
evolution of the rockslide (Frei, 2008), it is important to understand better the interaction of52
the hydraulic and kinematic processes. In this context, the geophysical investigations should53
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provide us with 3-D knowledge on the distribution of the main structures (e.g. fracture54
zones) and hydraulic features (e.g. primary water ﬂow paths). In combination with other55
information from borehole logging and tracer tests, the eﬀect of the structural setting on the56
water regime can then be investigated. For our 3-D geophysical experiment we chose the57
upper central part of the rockslide, because at this location the hydraulic regime is aﬀected58
by large-scaled tension fractures in an unclear manner. A borehole in this region allow us59
to correlate results from the surface geophysics and borehole logging.60
We ﬁrst give an overview of the rockslide, including a description of the geology and61
results from other relevant investigations (section 2). Further we describe our geoelectrical62
and seismic experiments and employed algorithms in section 3. Results from both methods63
are interpreted together with information from borehole logging, tracer tests and surface64
observations in section 4. Since our seismic survey is restricted to the upper central part of65
the rockslide, our interpretation will focus on this relatively small region.66
2. Åknes site67
[Figure 1 about here.]68
Location69
The Åknes rockslide is located on the western ﬂank of the Sunnylvsfjord in western Nor-70
way (see Fig. 1a) - an area distinguished by frequent rock slope failures over the past 10 00071
years (Blikra et al., 2005). Failure of the Åknes rockslide would probably cause a large72
tsunami (Blikra et al., 2005) that poses a major threat to the villages Stranda and Helle-73
sylt and the tourist resort Geiranger along the shorelines of the narrow Sunnylvsfjord and74
Geirangerfjord (Fig. 1a). To prevent such destructive events, the Åknes/Tafjord project was75
initiated in 2004 with the aim of building up a reliable early-warning system (Blikra, 2008).76
In the framework of this project, research aspects are aimed at improving our understand-77
ing of the internal processes of such complex rockslides. Investigations comprise geological78
mapping, multi-tracer tests, geophysical surveys, a micro-seismic network, borehole logging,79
lidar surveys, and various methods for displacement measurements.80
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The unstable area of the Åknes rockslide extends from ≈ 100 m a.s.l. close to the81
shoreline of the fjord to 900 m a.s.l. in the mountain slope (Fig. 1), where the large-scaled82
back scarp extends in an E-W direction (Ganerød et al., 2008). The extent of the unstable83
area is estimated to be 500 m across-slope and 1200 m down-slope (Figs. 1b and 2). Depth84
and hence volume of the entire unstable rock mass are still uncertain. Nordvik et al. (2009)85
discusses diﬀerent scenarios with varying depths of the basal sliding plane from 40 to 190 m86
resulting in volume estimates of 20 to 85 million m3. Kveldsvik (2008) suggests from slope87
stability analysis a deep sliding plane at 120 m depth and a volume of 60-80 million m3.88
Prominent slide scars on the rockslide (Fig. 2) indicate rockslide activity already in the past89
centuries (Blikra, 2008; Kveldsvik et al., 2008).90
Geological settings91
Åknes is situated within the Western Gneiss Region, where gneissic rocks from the Pro-92
terozoic dominate (Braathen et al., 2004). Bedrock of the unstable slope comprises diﬀerent93
types of gneiss, but are mainly medium grained granitic to dark grey biotite-bearing gran-94
odiorite gneiss (Ganerød et al., 2008). In the upper central part of the rockslide, the planar95
or gently folded foliation dips 30 − 35◦ towards the southeast, mainly sub-parallel to the96
topography. Fractures run along the foliation within biotite-rich layers. Some of them act97
as sliding planes (Braathen et al., 2004; Ganerød et al., 2008). Such sliding planes breach98
the surface at the toe zone and in the central part of the rockslide (Fig. 2) and are also99
observed in boreholes at diﬀerent depth levels.100
In the upper central part of the rockslide a WNW to ESE striking 10m high cliﬀ is formed101
(Fig. 2). Due to extensional movements in this region, steeply dipping tension fractures are102
exposed at some locations both north and south of the cliﬀ (Fig. 2). The exposed tension103
fractures strike mainly E-W to ESE-WNW and appear as up to 1m wide openings in the104
bedrock or depressions in the blocky colluvial debris (Ganerød et al., 2008; Blikra, 2008).105
For some of the tension fractures north of the cliﬀ dip angles were determined that are in106
the range of 60− 90◦ towards the N (Fig. 2). Because large areas are covered by debris it is107
diﬃcult to trace the tension fractures over larger distances across the surface. Wide-spread108
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areas with debris coverage are particularly observed above the cliﬀ (Fig. 2), however, the109
region below the cliﬀ is covered by tight vegetation that may hide both additional tension110
fractures and areas with debris deposits.111
Apart from the tension fractures, Ganerød et al. (2008) classiﬁed three fracture sets112
from outcrops in the rockslide area. In addition to the foliation-parallel faults, two steeply113
dipping fracture sets that strike predominantly E-W and N-S have been identiﬁed. The114
foliation-parallel fracture set shows the highest fracture density (on average 17 fractures per115
m) and the largest continuity (average fracture length of 6-10m).116
Surface movements have been determined both from spot measurements (extensometers,117
laser distance meters, GPS and electronic theodolite with integrated distance meter) (see118
Fig. 2) and area-based techniques like aerial and terrestrial laser scanning (Oppikofer et al.,119
2008), photogrammetry (Kveldsvik et al., 2006) and radar interferometry. Average displace-120
ment rates (≈ 2-4 cm/year for the largest part of the rockslide) have been quite similar over121
the past 20 years, with no general tendency of acceleration (Kveldsvik et al., 2006). How-122
ever, water inﬁltration is known to have a large impact on the movements, such that their123
rates can increase with up to a 1mm/day by a factor of 10 during snow melt or periods124
with high precipitation (Blikra, 2008). In general, displacement rates are highest close to125
back scarp and decreasing towards the toe zone and the eastern part of the rockslide and126
movement patterns show that individual blocks move separately in the highly fragmented127
rockmass (Ganerød et al., 2008; Kveldsvik, 2008; Oppikofer et al., 2008). At the western128
ﬂank immediately underneath the back scarp the rock mass moves fastest with velocities up129
to ≈ 14 cm/year in SW to SSW directions (Fig. 2). In the upper central part the slope is130
creeping at 2-4 cm/year in a SSE direction (Ganerød et al., 2008). In the lower part of the131
rock slope no signiﬁcant lateral displacements are observed, but positive elevation changes132
of the order of 1 to 3 cm/year are associated with compressional movements (Ganerød et al.,133
2008). Compression is also associated with outcoming blocks in the toe zone and in the134
eastern part of the rockslide (see Ganerød et al., 2008; Blikra, 2008, and Fig.2).135
In a multi-tracer test experiment, tracers were inﬁltrated at diﬀerent locations along the136
back scarp and in boreholes. Water probes were then taken from all accessible springs and137
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creeks (Fig. 2) within the rockslide area (Frei, 2008). Very high ﬂow rates (peak velocities up138
to 17.4m/h between the inﬁltration and spring locations) were observed, indicating that the139
unstable rock slope is highly permeable due to intense fracturing. Also low conductivities of140
water taken from the springs (<100µS/cm) suggest short residence time of the water in the141
rock and, hence, high permeability (Frei, 2008). Water inﬁltrated at points located close to142
each other were often observed at very diﬀerent spring levels. So, a tracer injected in the143
borehole B1 was partly observed at the springs I and II in the central part of the rockslide144
(Figs. 2), but a tracer injected in the borehole B2 was not detected at these springs, but145
observed at lower springs at the toe zone of the rockslide. Frei (2008) and Thoeny (2008)146
concluded from such tracer test results that several preferential groundwater ﬂow paths exist147
at diﬀerent depths levels of the rockslide.148
[Figure 2 about here.]149
[Figure 3 about here.]150
Boreholes151
Seven boreholes were drilled at three locations across the rockslide (see sites B1, B2 and152
B3 in Figs. 2 and 3). For each location, we only present here the results from the most recent153
≈ 200 m deep boreholes that were vertically drilled in 2006. They have been investigated154
with natural gamma and sonic logs (see Fig. 4b and c). Furthermore, water ﬂow (see Fig. 4d155
and e), temperature and conductivity of the water were measured with depth (Elvebakk,156
2008; Thoeny, 2008). Water ﬂow was dynamically measured with an impeller ﬂowmeter that157
was moved upward and downward with constant speed. The average of both measurements158
was considered as the water ﬂow in the boreholes. Water levels in the boreholes show rapid159
daily ﬂuctuations and vary with seasonal changes of the inﬁltration rate up to 5 m (Thoeny,160
2008; Blikra, 2008). Therefore water table depths in borehole B2 were slightly diﬀerent161
during the gamma log and sonic log (≈ 44.5m) and the ﬂowmeter (≈ 47.5m) measurements162
(see Figs. 4b-d).163
From drill cores largest fracturing (up to 50 fractures per meter) was determined in164
the unsaturated uppermost 20-50 meters of the boreholes (Fig. 4a). Although fracturing165
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gradually decreases with depth, also in the deeper part of the boreholes locally narrow zones166
of highly fractured and disrupted rock were mapped (Ganerød et al., 2007, 2008). In borehole167
B2 such disrupted zones up to 30 cm width were observed down to about 100 m. Below this168
depth no zones with signiﬁcant fracturing were identiﬁed from drill cores. However, close169
to the bottom of the borehole B2 at 200 m depth, where no logging measurements were170
performed, complete loss of ﬂuid pressure during the drilling process (L.Blikra pers. comm.)171
indicated the existence of open fractures at large depth. Independent of the depth range172
mapped fractures were mainly assigned to the foliation parallel fracture set.173
Logging results shown in Fig. 4b-e are in agreement with the observations from the drill174
cores. So, decrease in P-velocity (e.g. velocities down to ≈ 1500m/s were observed at 57, 77,175
87 and 94m depths in borehole B2) corresponds in most cases to zones having an increase176
in fracture frequency (see Fig. 4a). Moreover, depths with signiﬁcant water in- and outﬂow177
could be associated with zones that are characterized by increased fracture frequencies (see178
water inﬂow at 77 m depth in Fig. 4d) indicating that these kind of fractures are relevant179
water ﬂow paths within the unstable rockmass. Gamma logs (Fig. 4b) showed peaks with180
increased gamma ray activity at some fracture zones suggesting that these zones may be181
ﬁlled with potassium rich clayey material. However, the hydraulically active zone at 77 m182
in borehole B1 (Fig. 4d) is not characterized by such an peak.183
Water circulation diﬀers strongly in the boreholes. In borehole B1 (Fig. 4e) several184
hydraulically active fractures were identiﬁed by water inﬂows and outﬂows and high ambient185
ﬂow rates were indicative for strong hydraulic head gradients in the rock mass. In contrast,186
in borehole B2 (Fig. 4d) no zone with signiﬁcant inﬂow and only weaker ambient ﬂows1 were187
observed below a depth of 77 m.188
Preliminary results from inclinometer measurements in the upper and middle borehole189
B1 and B2 indicate relative movements at several depth levels down to 120 and 80m (M.190
Lovisolo, pers. comm.), although the largest movements in the borehole B2 occur at shallow191
1Impeller ﬂow meters are usually not able to resolve ﬂow rates lower than ≈ 0.5m/min (e.g. Crowder and
Mitchell, 2002) and small diameters of 76 mm can be responsible for turbulence in the boreholes. Therefore,
systematic shifts in our obtained ﬂow rates are likely.
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depths of 32− 35m.192
[Figure 4 about here.]193
Results from the borehole B2 are particularly relevant for our investigations, because it194
is located in the central part of our seismic array (see Fig. 3).195
3. Geophysical investigations196
Already in an earlier stage of the project refraction seismic data were collected along three197
lines (Ganerød et al., 2008). Based on these results Ganerød et al. (2008) interpreted roughly198
a four-layered case of loose material on top, highly fractured unsaturated rock, fractured199
water saturated rock and less fractured rock. All these data sets had only a relatively limited200
number of shot and receiver positions (24-channels) and therefore were not able to resolve201
detailed structured. In addition, GPR proﬁles were measured with 50 MHz antennas along202
some parts of the geoelectric proﬁles (Ganerød et al., 2008). Signal penetration was with203
up to 40 m good, but due to the complexity of the disrupted rock mass it was challenging204
to interpret the complex reﬂection and diﬀraction patterns in the radar sections. However,205
some reﬂections could be identiﬁed as the top of the uppermost groundwater table down to206
depths of ∼ 30 m and correlated well with the upper boundary of low-resistivity anomalies207
in the 2-D electric tomograms.208
DC resistivity investigations209
Geoelectric data were recorded along nine intersecting proﬁles (P1 - P9 in Fig. 3) during210
the summers of 2004, 2005 and 2006. The pattern of geoelectric lines covered the complete211
rockslide area, with proﬁles extending into the neighboring stable rock mass. The longest212
proﬁles P1 and P2 had lengths of ≈ 1500m. They reached from the shoreline up to the213
stable region behind the back scarp (Figs. 3 and 5a). Four cables with an electrode spacing214
of 10m were used, such that the maximum electrode spread was 800 m and the proﬁles had215
to be extended by a roll-along strategy. Six proﬁles (P1, P2, P3, P4, P8 and P9) crossed216
the area of the 3-D seismic survey.217
9
AC
CE
PT
ED
 M
AN
US
CR
IP
T
ACCEPTED MANUSCRIPT
Data were collected with the LUND multi-electrode system (Dahlin, 1993) using an218
ABEM Terrameter SAS 4000. Both Wenner and dipole-dipole conﬁgurations with succes-219
sively increasing dipole lengths were measured on all proﬁles. Particularly on scree, electrode220
coupling had to be improved by using salt-water soaked sponges. For most measurements,221
the current reached 10 - 20 mA, but for few measurements of ≈ 2.5% the current was not222
higher than 1 to 2 mA. Due to the high resistivities of the ground, the measured voltages223
were relatively large, such that the data were of good quality with standard deviations224
mainly below 1%.225
[Figure 5 about here.]226
[Figure 6 about here.]227
Already in Ganerød et al. (2008) ﬁrst results from the 2-D resistivity measurements were228
presented. They inverted geoelectric data with the 2-D code from Loke (2001) and from229
ﬁnal results they were able to distinguish water-saturated and drained regions on the the230
Åknes rockslide. In this contribution we present both 2-D and 3-D inversion results obtained231
with the the BERT algorithm (Günther et al., 2006b). This algorithm uses unstructured232
meshes both for parametrization and forward calculations (Rücker et al., 2006). Smoothing233
constraints were used in the inversion as regularization. All collected geoelectric proﬁles were234
inverted with the 2-D algorithm, but only proﬁle segments located within or close to the235
seismic array were jointly inverted with 3-D algorithm. The 3-D inverted data set comprised236
17 970 measurements from 975 electrode positions.237
The resistivity distribution derived from 2-D inversions are shown for the two proﬁles238
oriented mostly in the slope direction (P1 and P2) in Figure 5a and from two proﬁles (P3239
and P4) crossing the rockslide from E to W in Figure 5b.240
Seismic investigations241
Our 3-D seismic experiment was carried out across the upper part of the unstable rock242
mass in the summer of 2007 (Fig. 3). Altogether 24 geophones were placed along each of the243
four crossing proﬁles (total of 96 geophones). Three proﬁles (Q1-Q3) ran along the slope and244
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one perpendicular to it (Q4). The quasi-parallel proﬁles Q1, Q2 and Q3 were separated by245
≈ 50m. Such a setup with most proﬁles oriented in the slope direction was chosen, because246
geophone proﬁles that cross fractures are better suited to resolve the associated low-velocity247
anomalies than proﬁles that run parallel to the fractures (Heincke et al., 2006) and surface248
observations indicated that large-scaled open fractures strike perpendicular to the slope.249
Receiver spacing was 20 m for the middle proﬁle Q2 and 10m for the other proﬁles leading250
to geophone spread lengths of 460m and 230m, respectively. The larger length of proﬁle251
Q2 was chosen to obtain ray coverage at greater depths, which is particularly important252
because the lower limit of the slope instability is still unknown. Most of the 163 shots were253
evenly distributed over a rectangular area of 250 x 250m (Fig. 3), which included proﬁles254
Q1, Q3, Q4 and the middle part of proﬁle Q2. Moreover, several shots were ﬁred outside255
of the rectangle along proﬁle Q2 (Fig. 3b). Finally, ﬁve far-oﬀset shots were placed along256
an extension of proﬁle Q2 (Fig. 3a). Three of them were located downhill of the seismic257
survey and the other two uphill in the stable part of the rock mass behind the back scarp258
(see Fig. 3).259
As sources explosives with charges of 100 to 400 g were used. They were placed in 50 cm260
deep boreholes drilled mainly into bedrock. Data collection was performed with four 24-261
channel GEODE recording units from GEOMETRICS. Data quality was generally good and262
for the majority of traces ﬁrst arrivals could be picked with an accuracy of ≈ 3 ms. For some263
shots located on debris, accurate ﬁrst arrival-time picking was not possible for larger oﬀsets264
because of energy loss. Altogether, 11 276 ﬁrst-arrival picks were used for the tomographic265
3-D inversion. Figure 6a shows a typical shot gather (location of the shot is highlighted in266
Fig. 3) and Figure 6b shows apparent P-wave velocities versus shot-receiver oﬀsets for all267
picked ﬁrst arrival-times.268
[Figure 7 about here.]269
Data were inverted using a smoothness constrained minimization algorithm on a tetrahe-270
dral mesh (Günther et al., 2006a). For the forward calculation a Dijkstra algorithm (Dijkstra,271
1959) was used that restricts the ray paths to element boundaries. Although this leads to272
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inaccuracies for short oﬀsets and weak velocity contrasts, these inaccuracies are limited by273
using highly reﬁned meshes in the shallow part of the model.274
Meshes and coverage275
The topography model for both the 2-D and 3-D investigations was determined from276
electrode, geophone and shot positions and points from a digital elevation model (Derron277
et al., 2005). This topography model was then used as input for the tetrahedral mesh278
generator. For the 3-D resistivity and velocity models, we used the same mesh to simplify279
the comparison. Final parametrization for the 3-D models contained about 31 000 cells with280
edge lengths from a few centimeters close to the surface up to some 10 meters at depth.281
In all inversions, smoothness constraints were applied between neighboring cells. Thereby,282
the direction perpendicular to the topography was less constrained to account for possible283
layered structures.284
For most of the 2-D geoelectric proﬁles, relatively high RMS values were obtained for the285
data misﬁt (Fig. 5). This can be explained by the chosen robust (L1-norm) data weighting286
(Claerbout and Muir, 1973), where the chi-square misﬁt is low, but the RMS is dominated287
by single outliers. Main reasons for such outliers are probably three-dimensional eﬀects in288
the 2-D sections associated with highly complex subsurface conditions and the undulating289
topography on the rockslide. Such 3-D eﬀects also explain observed discrepancies in resis-290
tivities at the intersection points of diﬀerent geoelectric proﬁles (consider e.g. resistivities291
in proﬁle P1 and P4 at their intersection point in Fig. 5).292
The 3-D resistivity data were ﬁnally ﬁtted with a relative RMS of 23%, and seismic data293
were ﬁtted with an absolute RMS of ≈ 4ms. Whereas the latter is comparatively low, the294
misﬁt of the electrical data is high compared to other surveys. As for the 2-D proﬁles, the295
high RMS values can partly be explained by the used robust data weighting, but also by296
a strong regularization. Because small-scale anomalies apart from the proﬁles cannot be297
resolved by the sparse proﬁle layout, a high smoothing was chosen, such that only dominant298
larger structures were determined.299
The coverage for the ﬁnal 3-D resistivity and seismic tomograms are shown in the Fig-300
12
AC
CE
PT
ED
 M
AN
US
CR
IP
T
ACCEPTED MANUSCRIPT
ures 7c and d, 8d-f and 9d-f. Coverage in the geoelectric tomograms is presented as the301
logarithm of the summed (absolute) sensitivities in each inversion cell and coverage in the302
seismic tomograms is presented as the summed lengths of all ray segments in each inversion303
cell.304
Referring to Gharibi and Bentley (2005), it can be meaningful to make a 3-D inversion305
of 2-D proﬁles in regions where dense patterns of crossing lines exist. This is the case for306
most of the area where we performed the 3-D seismic experiment (see Fig.3b). Accordingly,307
the coverage in our resistivity model is high and uniformly distributed at greater depths308
of 30-100m (see Figs. 8e and f). Only in the uppermost 20m of the model, does the309
arrangement of measurements along proﬁles cause irregular coverage (see Figs. 7c and 8d)310
with signiﬁcantly higher resolution close to the lines than in between. As a consequence,311
shallow high-resistivity anomalies, which can be associated with a thin layer of scree material312
at the surface, appear only in the well-resolved regions in the neighborhood of the electrodes313
(Fig. 7a and 8a). In contrast, in poorly resolved regions away from the lines, spurious314
artifacts occur at shallow depths. These are caused by the projection of low-resistivity315
anomalies located in greater depths. Gharibi and Bentley (2005) observed similar artifacts316
at shallow depths if lines are separated by more than four times the electrode spacing. In317
our case electrode spacing was 10 m and the proﬁles are separated by up to 80 meters.318
In contrast, the ray coverage of the seismic tomography is more homogeneously dis-319
tributed in all depth intervals due to the 3-D experimental setup (Fig. 9). Lower ray cover-320
age in the uppermost 30− 40m relative to that at larger depths of 50− 100m is related to321
the signiﬁcantly smaller average size of the tetrahedrons close to the surface (Figs. 7d and322
9d-f). High ray coverage was obtained down to a depth of ≈ 100− 120 m (Figs. 7d and 9f).323
We point out that coverage is only a coarse measure for resolution and that resolution324
estimates based on coverage can signiﬁcantly deviate from the true resolutions. Therefore,325
low-transparent regions in the Figures 7,8 and 9 represent only roughly well-resolved parts326
of the tomograms.327
[Figure 8 about here.]328
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[Figure 9 about here.]329
[Figure 10 about here.]330
4. Results and discussion331
2-D geoelectric measurements332
We can roughly divide the shallow rock mass into diﬀerent zones by means of the 2-333
D resistivity inversion results. Mainly in the middle and upper part of the tomograms334
of proﬁles P1 and P2 (Fig. 5a) and in the middle and western part of the tomograms of335
proﬁles P3 and P4 (Fig. 5b), a thin highly resistive near-surface layer (> 20 kΩm) with336
a varying thickness (usually < 20 m, but in the upper part of the slope up to 40 m) is337
observed that can be related to colluvial material and drained fractured rock. Underneath,338
zones of lower resistivities (≈ 5− 14 kΩm) indicate increased water content in the fractured339
rock. In the upper part (see proﬁles P1 and P2), the central part (see proﬁles P2 and P4)340
and in the western part (see proﬁle P3 and P4) of the rockslide, these lower resistivity zones341
appear as elongated, mainly surface-parallel anomalies with a varying thickness of 25−60m.342
Springs are observed at several locations, where these anomalies approach the surface. This343
is the case in the toe zone, in the central part and western part of the rockslide body. At344
ﬁrst glance, one may link these anomalies to foliation parallel fracture sets because of the345
reasons mentioned in section 2. However, since the rock mass is also heavily intersected346
by fractures with other orientations it can be assumed that the elongated low-resistivity347
anomalies represent the net eﬀect of all open fractures.348
Along some parts of the proﬁles, the resistivity underneath these low-resistivity anomalies349
increases again. This is either related to unsaturated conditions or less fracturing and, hence,350
lower water content in the bedrock. In other parts (see proﬁles P1 to P4) the relatively351
low resistivities continue to greater depths, indicating deeper groundwater paths (Blikra,352
2008). Because these steeply dipping anomalies touch the lower boundary of the resistivity353
models, the actual origin of the associated groundwater cannot be resolved by the geoelectric354
measurements. For the low-resistivity anomalies in the sections P1 and P2 closest to the355
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shoreline (Fig. 5a), saltwater from the fjord has surely an eﬀect and these anomalies are not356
necessarily associated with groundwater from the rockslide.357
At the eastern boundaries of the rockslide a distinct resistivity increase from the unstable358
region towards the stable region is present in the 2-D sections of proﬁles P3 and P4 (Fig. 5b)359
indicating that the intact rockmass has lower water content related to less fracturing. Such a360
clear contrast is not present in the 2-D sections in the region around the backscarp (Fig. 5a)361
and along the western rockslide boundary (Fig. 5b). However, in 3-D inversion results from362
all measured geoelectric data on the rockslide (not presented here) clearly higher resistivity363
values (> 17.5 kΩm ) are observed in the intact rock mass above the backscarp than in the364
unstable rock mass immediately below the backscarp. This is an indication that interpreta-365
tions based on two-dimensional data have to be made carefully in regions characterized by366
such complex subsurface conditions.367
3-D surface geophysical investigations368
Results from the 3-D geophysical investigations allow us to make a more detailed inter-369
pretation of the upper central part of the rockslide. In the uppermost 50 m, P-wave velocities370
in the 3-D seismic tomogram are vp < 3500m/s, which is generally very low for gneissic rock371
(Figs. 7b, 9a and b and 10). This suggests that the whole shallow rock mass in this area372
is heavily fractured, in agreement with surface and borehole observations (Ganerød et al.,373
2008). Within this disrupted rock mass, mainly three shallow anomalies with particularly374
low velocities of vp < 1400m/s stand out. Two of them run parallel to each other and are375
oriented perpendicular to the slope in WNW-ESE direction. They are separated by ≈ 50m376
and located immediately above and below the cliﬀ (see L and U in Figs. 7b, 9a and 11c377
and d). The third anomaly runs in a NNW-SSE direction in the northeastern part of the378
seismic survey and merges with the anomaly (U) at its southern edge (see D in Fig.9a).379
All anomalies extend from the surface down to a depth of ≈ 25m. Underneath the two380
parallel low-velocity anomalies (L) and (U), there are two parallel anomalies with relatively381
low resistivities (<13 kΩm) (see Figs 7a, 8b and c and 11a and b). Also underneath the382
southern part of the low-velocity anomaly (D) a low-resistivity anomaly is observed, how-383
15
AC
CE
PT
ED
 M
AN
US
CR
IP
T
ACCEPTED MANUSCRIPT
ever, not in the northern part. In areas with high model coverage, the upper boundaries of384
the resistivity anomalies are predominantly located in a depth range of 20-50m (Figs. 7a, 8385
and 10). For the low-resistivity anomalies the decrease in resistivities down to ≈ 10 kΩm at386
depths of about 50 m coincides with a signiﬁcant increase in velocities up to vp ≈ 3200m/s387
(see continuous line in Fig. 10). Also in many regions with no pronounced low-velocity388
and low-resistivity anomalies, resistivity decreases with depth, however, less signiﬁcant than389
along the anomalies (see dashed line in Fig.10 and well resolved regions in Fig.7a).390
[Figure 11 about here.]391
[Figure 12 about here.]392
The low-velocity and low-resistivity anomalies can be explained by elongated tension393
fractures that are dry close to the surface and water-saturated at larger depths. So, the pair394
of parallel low-velocity anomalies (L) and (U) are located in a region where tension fractures395
were mapped (Figs. 11a and c) and can be associated with the continuation of these surface396
fractures at depth. No surface fractures were mapped along the low-velocity anomaly (D),397
but signiﬁcant amount of debris covers the bedrock here and potential tension fractures may398
remain undetected on the surface.399
Since the water table in the nearby borehole B2 was at ≈ 45m, it can be assumed that400
air ﬁlled fractures above this depth are responsible for the very low P-wave velocities in401
the disrupted rock mass in general (Heincke et al., 2006) and along the tension fractures402
in particular. Below this depth, the fractures are water-saturated and have a much weaker403
impact on the overall velocity, resulting in a decreased velocity contrast and an increased404
average velocity (see Figs. 7b and 9b). Water within fractures also explains the decreased405
resistivities at depths below 20 to 50 m and the appearance of the relatively low-resistivity406
anomalies along the tension fractures. Since the resistivities of a few kΩm are still very high,407
it can be assumed either that fracture widths and hence water volumes are small or that the408
water is not very conductive (Frei, 2008).409
It can be observed from ﬁgures 7a and b and 11a and c that the low-resistivity anoma-410
lies (L) and (U) are not located directly underneath the associated low-velocity anomalies,411
16
AC
CE
PT
ED
 M
AN
US
CR
IP
T
ACCEPTED MANUSCRIPT
but are slightly shifted in downhill and uphill direction relative to the related low-velocity412
anomalies, respectively. These lateral shifts of the low-resistivity anomalies suggest that the413
tension fractures are not exactly vertical. For comparison tension fractures mapped at the414
surface have dips of 60 − 90◦ towards the N (see Ganerød et al., 2008, and Fig. 11). At415
the eastern part of survey the low-resistivity anomalies (U) and (L) and the low-resistvity416
anomalies (U) and (D) merge (Figs .8b and c, 9a and c and 11) suggesting that associated417
tension fractures intersect in this region.418
Interpretation in terms of tension fractures is in agreement with surface observations419
and displacement measurements. So, the unstable rockslide body is fragmented by intense420
fracturing into a large number of individually moving blocks (Ganerød et al., 2008; Kveldsvik,421
2008; Oppikofer et al., 2008). The horizontal component of the displacement vectors close422
to the tension fractures (see Fig. 2) change their orientations from SSE close to the borehole423
B1 in the west to ESE east of the borehole B2 and such a movement pattern can explain424
that fractures mainly open in a downhill direction (with decreasing spreading rates towards425
the east) as interpreted from the surface geophysical results.426
Because of the inherently limited resolution of both tomographic methods more detailed427
interpretations of these anomalies in the geophysical models are not reasonable without428
performing extensive resolution analysis or synthetic modeling. It cannot be answered if429
individual fractures or disrupted zones of up to few meter thickness are responsible for the430
observed anomalies and where and in which way fractures are exactly connected. Also431
accurate dip angles for the tension fractures are not determinable.432
Below the groundwater table the 3-D seismic refraction tomography is not able to resolve433
thin surface-parallel low velocity layers that are observed in the boreholes (see section 2)434
and are associated with foliation parallel fracture zones. In contrast, velocities from the435
seismic tomography gradually increase with depth and velocity values of ≈ 2500− 4500m/s436
in the depth range of 50− 90m (Fig. 7b, 9a-c and Fig. 10) can be explained by a net eﬀect437
of velocities from intact rock and disrupted zones (Fig. 4). Its is remarkable that velocities438
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in this depth range are often slightly lower in regions where no low-resistivity anomalies are439
present (see Fig. 10 and compare depth slices from Figs. 8 and 9 at 70 meters). One plausible440
explanation would be that not all fractures at some distance from the tension fractures are441
water-ﬁlled and air-ﬁll leads to a more signiﬁcant velocity reduction here. Below a depth442
of about 100m seismic velocities are with 4500 − 5500m/s typical for intact gneissic rocks443
(Fig. 7b and Fig. 10). Also high apparent P-wave velocities of 3500 − 4000m/s at oﬀsets444
> 400m indicate that refracted P-waves of far-oﬀset shots run partly through intact rock445
(Fig. 6b).446
Below 70 meters resistivity increases in most regions slowly with depth (Fig. 10), which is447
probably related to less water content due to less intense fracturing of the rocks with depths448
(see Fig. 4a and c). However, in region where the low-resistivity anomalies are present449
resistivities remain relatively low even in larger depths (see Fig. 10).450
Linking the geophysical results to the hydraulic system451
By comparing the 2-D and 3-D geoelectric results, we see that the deep low-resistivity452
anomalies in the 2-D tomograms of P1, P2 and P3 (see A, B and C in Fig. 5) coincide with453
low-resistivity anomalies (L) and (U) (Fig. 11a) in the 3-D tomogram. This indicates that454
the associated tension fractures continue down to depths of at least 80− 100m. Hence, it is455
very likely that the tension fractures intersect other diﬀerently oriented fractures at various456
depth levels, allowing groundwater to down-well or up-well and to penetrate into other open457
fractures. In this way, tension fractures can signiﬁcantly change the main groundwater ﬂow458
paths in the rockslide body.459
Because the 3-D resistivity tomography does not have the resolution to identify where460
and which individual fractures are water ﬁlled from the tension fractures, results from multi461
tracers tests (Frei, 2008) and impeller ﬂowmeter measurements are very helpful to test this462
hypothesis:463
• Tracers inﬁltrated in the boreholes B1 and B2 were observed at diﬀerent spring horizons464
on the rockslide (see section 2). This means that between the two boreholes B1 and465
B2 cross-cutting hydraulic permeable structures are required allowing the water to466
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change the depth level of its preferential groundwater path. The detected steeply467
dipping tension fractures are the most plausible candidates for such structures.468
• From the arrangement of the upper low-resistivity and low-velocity anomalies (U) (see469
Figure 11) it can be assumed that the associated tension fracture is located uphill470
relative to the two boreholes B1 and B2. Water that inﬁltrates from the surface471
into this tension fracture may enter other fractures (e.g. foliation parallel fractures)472
and is observed as inﬂow in the boreholes. Although not understood in detail it is473
remarkable that the water circulation in the boreholes B1 and B2 is strongly diﬀerent474
over a relative short distance of ≈ 250m (Fig.4d and e) suggesting that the hydraulic475
system is signiﬁcantly changed by the tension fractures.476
In the south-eastern part of the investigated area the low-resistivity anomaly approaches477
the surface (see Fig. 11a and b). This suggests that outﬂowing water at the nearby spring478
I is associated with this anomaly. At ﬁrst glance, this observation seems to contradict our479
interpretation, because the resistivity anomalies (U) and (L) are connected in the southern480
part of the survey, but tracer inﬁltrated at borehole B2 is not observed at spring I. However,481
because of the limited resolution of the geoelectric tomography, it is indeed possible that482
separate water ﬂow paths are located so close to each other that they appear as one anomaly.483
Such a scenario is also not unexpected considering the 2-D geoelectric section P1 in the region484
between the borehole B2 and the spring I (see Fig. 5a). The low-resistivity anomalies are485
thick here and partly touch the bottom of the geoelectric sections. Multiple water ﬂow paths486
at diﬀerent depths levels that are not resolvable as separate water ﬂow paths are likely here.487
Considering the monotonically velocity increase with depths in the seismic tomogram488
(Fig. 7b) and the decrease of fracturing with depths from drill cores and borehole logging489
(Fig. 4a and c), the existence of the open hydraulically permeable fractures at 200 m depths490
(see section 2) in the borehole B1 is not expected. However, the deep low-resistivity anoma-491
lies from the 2-D sections suggest water ﬂow paths and hence also open fractures (in this case492
water-saturated) at greater depths. Because of limited resolution, relatively thin fractures493
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at such depths are unlikely to be detected by the surface seismic investigations.494
[Figure 13 about here.]495
Relating geophysical results to the depths of the slope instability496
It is unfortunately not possible to determine the lower boundary of the highly fractured497
mass from the 3-D seismic tomogram, because no sharp velocity contrast is observed that498
would indicate a border between highly fractured and intact rock. Instead, velocities grad-499
ually increase below the water table (Figs. 7b and 9b and c) indicating that the velocity500
contrast between the (water-saturated) unstable and underlying stable mass is too small to501
be resolvable. Velocities of less than 3500m/s are surely too low for intact gneissic rock,502
such that a minimum depth of 60-70 m can be assumed for the disrupted rock mass from503
the seismic measurements. At depths of ≈ 100m velocities are with ≈ 5000m/s in the same504
range as velocities from the sonic logs in depths with no pronounced fractures (Fig. 4c)505
suggesting that the rockmass is intact at this depth. However, we cannot state for certain506
that the rockmass is stable at this depth.. It is possible that open fractures that are lo-507
cated deeper than maximum resolution depths of the surface geophysical methods also act508
as sliding planes.509
Based on the results of surface geophysics and borehole logging a possible geological510
model from the upper central part of the rockslide is sketched in Figure 12.511
5. Conclusions512
A combination of 3-D seismic refraction and electrical resistivity tomography on the513
Åknes rockslide demonstrates their potential to detect three-dimensional weakened zones.514
Furthermore a combination of the tomograms with the results of tracer tests and borehole515
data gives an indication of the geo-hydraulic behavior of fractures. From the seismic data,516
the upper drained zone of two parallel extension fractures can be associated with shallow517
low-velocity anomalies (<1400m/s). From the geoelectric data, the zone of the extension518
fractures below the groundwater table can be associated with low resistivities (<13 kΩm)519
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compared to the surrounding bedrock, indicating that fractures are water-saturated. In520
combination with results from borehole logging, there are strong indications that the tension521
fractures are cross-cutting several other water-saturated fracture zones. Tension fractures522
enable water to inﬁltrate and may allow changes of their depth levels and even changes of523
their preferential ﬂow paths. However, to obtain a thorough understanding of the water524
regime, our surface geophysical data have to be more closely correlated with results from525
tracer tests (Frei, 2008) and dynamic ﬂuid electric conductivity logging (Thoeny, 2008) in526
the future.527
Typically for inversion methods, not all parts of the model are well resolved and sharp528
boundaries (e.g. the tension fracture edges or the upper border of the ground water level)529
are smoothed out in the resultant models. To account for those shortcomings we intend to530
perform a structural joint inversion of our two 3-D data sets. Such structural joint inversion531
algorithms link two (or more) otherwise independent inversions via structural similarities532
(e.g. Gallardo and Meju, 2003; Günther et al., 2006a; Paasche and Tronicke, 2007) and can533
ﬁnally provide a more distinct combined image of the rockslide.534
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List of Figures
1 a) Location of the Åknes rockslide in western Norway. b) Photograph of the
Åknes rockslide. White dashed line outlines the boundaries of the unstable
mass. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28
2 Digital elevation model determined from helicopter-borne lidar data (Derron
et al., 2005). The map shows the main morphological features and annual
movement rates on the Åknes rockslide. Dip angles are given for some ten-
sion fractures mapped along the surface. The numbered springs I and II are
explained in the text. Figure is modiﬁed after Ganerød et al. (2008), Blikra
(2008) and Frei (2008). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29
3 a). The extent of the unstable mass is highlighted by yellow color. Locations
of geophysical investigations and boreholes on the Åknes rockslide. The extent
of the unstable mass is highlighted in yellow. The white line encompasses the
area covered by oﬀset shots. The black dashed line outlines the region that
is shown in more detail in b), where shot and geophone positions of the 3-
D seismic survey are indicated. The yellow circle in b) highlights the shot
position for which the shot gather is shown in Figure 6. . . . . . . . . . . . . 30
4 a) Fracture frequencies determined from drill cores, b) gamma log results
and c) sonic log results from the borehole B2. Grey color indicates depths
characterized by low-velocity zones. d) and e) Impeller ﬂowmeter results from
the boreholes B2 and B1 (for location see Figs.2 and 3). 1 RPM (number of
full propeller rotations per minute) corresponds to a water ﬂow of ≈ 0.1
m/min. Positive values are associated with uphole directed ﬂow and black
arrows indicate water ﬂow directions in the boreholes. Red lines indicate the
depth of the groundwater tables. . . . . . . . . . . . . . . . . . . . . . . . . 31
5 Electrical resistivity tomograms obtained from the 2-D inversions of a) proﬁles
P1 and P2 oriented in slope direction and b) proﬁles P3 and P4 oriented
mostly perpendicular to the slope. Green arrows show intersection points of
the proﬁles. Black arrows indicate locations where low-resistivity anomalies
touch the lower boundaries of the resistivity models. Three of them A, B
and C, are discussed in the text. The boreholes B2 and B1 are not located
directly on the proﬁles, but boreholes in P1 and P2 are located 50 m to the
west, borehole B1 in P3 is located 10 m to the south and borehole B2 in P4
is located 40 m to the north. Black dashed lines show their projections. . . . 32
6 a) Shot gather example. Picks of ﬁrst arrival-times are highlighted. Location
of the shot is sketched in Fig. 3. b) Apparent velocities vs. shot-receiver
oﬀsets for all picked traces. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34
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7 a) and b) show cross-sections extracted from the 3-D electric and seismic to-
mograms. White dashed lines outline areas where the upper (U) and lower (L)
low-velocity and resistivity anomaly of Figure 11 intersect the cross-section,
respectively. Points where geoelectric proﬁles cross the section are highlighted
with black arrows. In c) and d), the corresponding coverage of the ﬁnal electric
and seismic tomograms are shown. Regions with low coverage in the geoelec-
tric and seismic cross-sections a) and b) are covered with a semi-transparent
mask. In a) - d), sonic log results from the borehole B2, which is located
≈ 20 m east of the cross-section, are added (see white circle in e)). White
shows the part above the water level and low-velocity zones. Black indicates
typical velocities for intact gneiss. In e), the location of the cross-section (red
line) is shown together with the geophone and geoelectric lines. Black dashed
lines L1 and L2 in a) and b) and white cross in e) mark the positions of 1-D
proﬁles presented in Figure 10. . . . . . . . . . . . . . . . . . . . . . . . . . . 35
8 a)-c) show diﬀerent depth slices from the 3-D electric resistivity tomogram.
d)-f) show the coverage for the same slices. Regions with low coverage are
shown semi-transparent in a)-c). On the most shallow depth slice a) positions
of the geoelectric proﬁles are superimposed as black dashed lines and position
of the cross-section in Figure 7 is shown as a white dotted line. In b) and c),
the lower and upper low-resistivity anomalies are marked (L) and (U), respec-
tively. White crosses mark positions of the 1-D proﬁles; the corresponding
geophysical data are shown in Figure 10. . . . . . . . . . . . . . . . . . . . . 36
9 a)-c) show diﬀerent depth slices from the 3-D seismic tomogram. d)-f) show
the corresponding ray coverage. Areas with low coverage are shown semi-
transparent in a)-c). On the most shallow depth slice a) locations of the
geophone proﬁles are superimposed as yellow dashed lines and position of the
cross-section in Figure 7 is shown as a red dotted line. In a) three low-velocity
anomalies marked (L),(U) and (D). Magenta crosses mark the positions of the
1-D proﬁles; the corresponding geophysical data are shown in Figure 10 . . . 37
10 Variations of resistivity and velocity with depth below topography. Presented
data are extracted from the 3-D geoelectric and seismic data sets along two
1-D proﬁles. One proﬁle (dashed lines) is vertically oriented and is located
in the vicinity of borehole B2 (see L2 in Figs 7,8 and 9). The other proﬁle
(continuous lines) is located and oriented such that it intersects both the
low-velocity and low-resistvity anomalies (U) (see L2 in Figs 7,8 and 9). . . . 38
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11 Final 3-D resistivity and velocity models from a top view (a) and (c) and from
a perspective view (b) and (d). In a) and b), resistivities below 13 000Ωm
(green) and in c) and d), velocities below 1400m/s (blue) are extracted from
the 3-D data volumes. Electrode and geophone positions are highlighted in
(a) and (c) with white and yellow circles, respectively. Red lines sketch the
observed tension fractures at the surface. Dip angles of some tension fractures
at the surface are given in a). The springs I and II are discussed in the text.
Borehole orientations are sketched in the perspective views b) and d). Parts
of the boreholes with light grey colors indicate depths above the water table
or regions with low P-wave velocities from the sonic logs. . . . . . . . . . . . 39
12 Simpliﬁed sketch of the geological situation in the upper central part of the
Åknes rockslide based on the results of shallow geophysical investigations,
borehole logging and surface observations. Dashed blue lines indicate the
water table estimated from boreholes and geoelectric results. Blue arrows
indicate potential water ﬂow directions. Red colored line sketches the borehole
B2. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40
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